Hybrid supercapacitors using asymmetric, LiFePO 4 (LFP) lithium intercalation and electric double layer activated carbon (AC) electrodes combining the high energy battery ability and high power supercapacitor ability in one device are reported. In AC/Li half-cell, AC electrode has 44.5 mAh g −1 capacity and operative voltage > 2 V (Li/Li + ) to exhibit supercapacitor-like ion adsorption mechanism. The cyclic voltammetry (CV) and charge/discharge (CD) analysis on AC||LFP hybrid cells with AC/ LFP mass ratio, 0.33, 1.2, 1.93, and 3.19, show the transformation from a redox reaction dominated like in battery to a system in which both faradaic redox and the physical electrostatic adsorption processes forming electric double layer are fully balanced in terms of stored charges on both electrodes. The capacity analysis by discharge at different rates shows the high capacity of 125 and 70 mAh g −1 with steep fall at high rates for AC/LFP mass ratios 0.33 and 1.2, respectively. With a specific capacity of4
Introduction
The demand for high-performance energy storage systems having both high energy density and large power capability has received a considerable impetus for emerging applications in hybrid vehicles, electrical devices, and industrial automation [1] [2] [3] . The lithium-ion batteries (LIBs) featuring high specific energy but low power [4, 5] and electrochemical capacitors (supercapacitor (SC)) beset with low specific energy but having large power density [6, 7] are the two dominant energy storage devices rooted in different storage mechanisms in use presently. The LIBs use Li intercalation electrode materials to store energy via lithiation/delithiation [8] at respective electrodes of high capacity to achieve high energy density [9] [10] [11] , but poor ionic diffusion rates, low electrical conductivity, and bulk electrode reactions limit its high-rate performance inherently resulting in low power density (< 0.5 kW kg −1 ) and fast capacity fading during high-rate cycling [4] . Energy storage in supercapacitors is basically capacitive in nature utilizing the electrical double layer (EDL) and Faradaic redox mechanisms [12] . The EDL supercapacitors which store energy via adsorption of ions on the surface and within pores of large surface area porous electrodes like carbon nanotubes (CNTs), graphene, and activated carbon (AC) [13, 14] have limited energy density. The pseudocapacitors showing improved specific energy by utilizing the fast and reversible Faradaic surface or bulk redox reactions are based on transition metal oxides RuO 2 , MnO 2 , and V 2 O 5 and composites with graphene and CNT [7] , and yet, practical supercapacitors could achieve 5-10 Wh kg −1 energy density or 20-50 Wh kg −1 as in some research reports [15] , both much lower compared to the Li-ion batteries. However, as the supercapacitors can be fully charged/discharged in a very short time (less than few minutes), these easily fulfill the high power density (~10 kW kg
) requirement. Combining the merits of both LIB and SC electrodes, a hybrid energy storage device, Li-ion capacitor (LIC), initially proposed by Amatucci et al. [16] can be an expedient strategy to achieve high energy density without detrimentally affecting the high power capacity. Commonly, the LIC device is assembled using one high energy LIB electrode with a second high power SC counter electrode in Li-containing organic electrolyte under the stipulation that the high capacity faradaic processes on LIB electrode and fast nonfaradaic process at SC electrode together can realize the high energy-power functionality in the hybrid device. Various LIC devices yielding incremental energy and power density values have been reported using high energy LIB cathodes LiMn 2 O 4 [17] , Li 2 CoPO 4 F [18] , LiFePO 4 [19] or Li insertion anodes, graphite [20] , Li 4 Ti 5 O 12 [21] [22] [23] , ZnMn 2 O 4 [24] , and B-Si [25] . For the SC electrode, these LIC devices have mostly employed high surface area AC due to its inertness, cyclability, and high electrical conductivity [7] .
A major difficulty in achieving high complementary energy-power performance in hybrid LIC device lies with the differing nature of the ion transfer kinetics and charge storage capacity of both anode and cathode. For the high capacity LIB electrode, the Li insertion/extraction processes are sluggish compared to electrical double layer assembly/ dispersion at the interface of high power SC electrode with an electrolyte. The resulting imbalance in high power and energy capacity attributes of the cathode and anode restrains the attainment of high energy capacity in LIC hybrid cells only at low current charge-discharge rates [26] . In matching the higher rate capacity of SC electrode, the high energy LIB electrode could suffer degradation at higher rates, while the low energy capacity SC electrode based on carbon could pull down the overall energy density of LIC hybrid cell when it is assembled in series with high energy LIB capacitor electrode. While the LIC devices with various battery electrode materials and structural forms having the high electrical and fast ion conduction properties have been reported [27] [28] [29] [30] [31] , a common approach for optimized cathode and electrode combination is to balance the charges by suitable choice of active electrode material mass ratio [21, 32] . However, fewer have tried to provide an insight into the working mechanism related to the electrode charge imbalance as an approach to optimize the electrochemical performance of hybrid cells. In this research, we have fabricated the hybrid cells comprising of activated carbon, a proven supercapacitor material as anode, and LiFePO 4 (LFP), a long-established Li-ion battery material as a cathode. Detailed studies of the electrochemical properties of AC||LFP hybrid cells with widely varying AC to LFP electrode mass ratios for energy storage and the structural and chemical attributes of the electrodes are carried out in order to understand the storage mechanism for the purpose of optimization of energy storage performance. Initially, by studying the AC/Li and LFP/Li half-cell devices, the maximum working voltage window, specific electrode capacitance, and charge transfer impedance of AC and LFP electrodes were obtained for use in the LIC hybrid cells. Further, using the mass ratio of the AC and LFP electrodes for attaining the charge balance between the two, we showed the transition from a battery-like to a supercapacitor-like functionality which could be useful in the realization of the high-rate capacity, hybrid Li-ion supercapacitor cell with high power and energy density performance. This paper reports on the results of these investigations.
Experimental
The hybrid cell device was constructed using LiFePO 4 (MTI Inc.) as the battery (positive) electrode and the activated carbon (Kuraray Chemical Co., Ltd.) as the supercapacitor (negative) electrode. The LFP cathode was coated by doctor blade method over the aluminum foil current collector using a slurry comprising of LFP carbon black and polyvinylidene fluoride (PVDF) in 80:10:10 wt% ratio in 1-methyl-2-pyrrolidinone solvent, and later dried at 80°C. Typically, the electroactive mass of LFP loaded onto electrode was in the 2.26-4.11 mg range. The AC powder having specific surface area of~1500 m 2 g −1 was similarly coated on copper foil current collector using AC, carbon black, and PVDF in 80:10:10 wt% ratio forming supercapacitor anode. The electroactive mass of AC over electrode was varied between 1.44 and 7.2 mg in order to study the performance of hybrid supercapacitor cells with different LFP/AC mass ratio. The BET surface area of the coated AC electrode over Cu foil substrate was typically in the range of 840-900 m 2 g −1 depending on the mass loading. It is lower compared to the specific surface area of starting AC powder due to additives, but was still significant for electrical double layer capacitive performance in the hybrid supercapacitor device. The AC||LFP hybrid cells were assembled in 2325-type coin cells under helium gas ambient in the glove box using WHA1822021 glass fiber as a separator and 0.1 M LiPF 6 in ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 mass ratio) solution as an electrolyte. The electrochemical properties of AC||LFP hybrid cells were measured using VMP2 multichannel potentiostat (Biologic) by performing cyclic voltammetry (CV) and charge-discharge (CD) tests.
Characterizations
For CV tests, the voltage was scanned at different rates between 0.1 and 1 mV s −1 from anodic to cathode direction. The specific capacitance, C SV , of the electrodes from the CV data was determined by the relation
where (V a − V c ) represents the anodic to cathodic potential range, ν s the voltage scan rate, and I the current response. The electrochemically active mass of both electrodes m ac is used in determining the specific capacitance. The CD characteristics were measured at current density between 10 and 20 mAg −1 within potential window 0.05 to 2.0 V. The electrochemical impedance spectra (EIS) of the cells was recorded in the frequency range of 10 mHz-100 kHz with ac signal amplitude of 10 mV. The Nyquist plots based on the impedance data were simulated using the electrical equivalent circuit model representing the electrochemical and electrophysical properties of the LFP and AC electrodes of the hybrid cell which provide characteristic resistances and various contributing factors to the overall capacitance. Complex Bode plot analysis of the AC/Li and LFP/Li half-cells, as well as AC||LFP hybrid cells, was carried out to determine the rate capability. The effective capacitance component involved in the actual delivery of the stored capacitive energy to the load represented by the real capacitance C ′ is determined from the measured cell capacitance C Cell by the complex relation,
, where C ″ represents irreversible dissipation of the stored energy within the system through various resistive or dielectric loss processes. The real capacitance C ′ is computed by the following equation [33] :
where Z(ω) and Z ″ (ω) are the frequency-dependent complex impedance and imaginary impedance, respectively.
The specific capacitance C SD , energy density E D , and power density P D from the CD data were calculated using the following equations in which the parameters discharge current 
The structural changes in the AC and LFP electrodes after several charge-discharge cycles were examined by ex situ Xray diffraction (XRD) and Raman analysis by disassembling the cells in He-filled glovebox and washing the electrodes in EC solution. The XRD spectra of LFP electrode were also recorded by sealing in an air-tight doom sample holder with a D8 Advance with LynxEye and SolX (Bruker AXS, WI, USA) using Cu-Kα radiation. The morphology of AC electrode was examined using a Zeiss Supra 55 field emission scanning electron microscope (FESEM) and Raman spectra with a DXR Raman imaging microscope from Thermo Scientific.
Results and discussion
Initially, the electrochemical properties of individual electrodes in the AC/Li and LFP/Li half-cell structures were studied in order to later understand the AC||LFP hybrid cell behavior. The AC electrode known for EDL as the basic charge storage mechanism is mostly demonstrated in supercapacitors based on aqueous electrolytes. The AC/Li half-cell study is aimed to gain insight of electrical double layer behavior of the AC anode in the LiPF 6 electrolyte system about which not much is known. As a battery cathode, LFP supplies lithium ions during charging processes and introduces chemical reactions to store energy. The LFP/Li half-cell is analyzed for lithiation-delithiation of LFP cathode in the dischargingcharging of the hybrid supercapacitor cell. The half-cell results provide insight of energy storage mechanism since both redox reaction and physical absorption functionality were combined in one hybrid cell system in order to achieve high power and energy density. . The subsequent 0.01 to 2 V charge cycle takes place in two steps signified by a change in slopes marked c to d and d to e implying the capacity difference between~131 and 170 mAh g , respectively, and a Coulomb efficiency of 92%. In AC/Li half-cell, the charge carriers are Li + ions which accumulate at the AC electrode surface during the charge cycle. The supercapacitor-like behavior on charging at a higher (4.0 V) potential suggests a role of counterions, which in the half-cell structure could be PF 6ā nions forming an electric double layer at AC electrodeelectrolyte interface. This suggests that in the AC||LFP hybrid Li-ion capacitor device with LFP as a cathode, the PF 6ˉc ounterions may contribute to the charge storage at AC electrode. A sharp nominal voltage drop of~0.2 V at the start of the cycle is due to the equivalent series resistance (ESR) reflecting the internal resistance encountered by charge carrier ions in diffusion through the electrolyte medium and in general by the electrons due to electrode and contact resistances.
Electrochemical properties of AC/Li half-cells
The contribution from Li-ion accumulation or adsorption at the AC electrode to the electrical double layer capacitor action in the AC/Li half-cell was further investigated by CV recorded in 0-2 and 2-4.2 V range and 0.1 mV s −1 scan rate. The CV plots in the 0-2 V range shown in Fig. 1c are highly asymmetrical as evidenced by a rapid change in the current from point a to point b. Similar results were reported earlier for Li half-cells using hard carbon [34, 35] or structured carbons like carbon nanotubes [36] , nanospheres [37] , and graphite [38] . The asymmetry in the CV curves is attributed to the formation of a SEI layer in the first cycle consistent with earlier inference on mesoporous activated carbon Li half-cell reported earlier [39] . Neither the first CV cycle nor the subsequent ones show any peaks in either cathodic or anodic cycle implying no specific process related to the reversible Li insertion occurs in the porous activated carbon. Furthermore, the CV plots measured over three cycles are highly reversible suggesting irreversible electrochemical reaction at the electrolyte at the AC interface. The CV scans in the 2 to 4.2 V range in Fig. 1d are near rectangular in shape, symmetrical across zero voltage and current axes, and highly reversible. The cathodic and anodic scans both show average current density~0.01 Ag −1 , and a slight increase in the current at the end of the anodic cycle is due to resistive contribution owing to the effect of the ESR. These features of CV curves are typical for supercapacitor electrodes resulting from physical absorption of Li ions over the activated carbon electrode surface and the PF 6ˉi ons forming an electrical double layer and its reversible nature. Notably, the SEI layer has a negligible effect on the supercapacitor-like CV scan when half-cell is cycled to 4 V. The activity of electrolyte at the carbon surface is observed only at low potentials, and the SEI layer formed over carbon is reported as thin and compact [38] . Figure 1e shows the capacity of AC electrode in the AC/Li halfcell at different scan rates calculated from CV data in the 2 to 4.2 V range. The intrinsic value of specific capacity for the AC/ Li half-cell is~40 mAh g −1 determined at low 0.1 mV s −1 scan rate fades to 20 mAh g −1 by increasing the scan rate to
. This behavior is reversible and reverting to CV plots at lower scan rates; the initial capacity value is again realized which is only to be expected for the Li + -PF 6ˉe lectric double layer at the AC surface in a supercapacitor-like functionality. The battery electrode, on the other hand, might not reach the theoretical capacity before the next testing sequence. The decline in specific capacity on increasing CV scan rates is attributed to the ion conduction by diffusion lagging the countering electron conduction, and such nonsynchronous charge conduction becomes significant as voltage scan rate increases resulting in the loss of capacity. These CV and CD results suggest that AC electrode would function as a supercapacitorside electrode rooted in the electrical double layer capacitive mechanism when used in the Li-ion AC||LFP hybrid cell. The morphology of the AC electrode deposited over Cu foil in SEM micrograph ( Fig. 1f) shows randomly distributed particles with average size~2-3 μm and some having smaller ones of1 -μm size. These particles are separated without obvious aggregation, rendering high specific surface electrode area which is responsible for high specific capacity via vast electrode/ electrolyte interface for the electric double layer formation.
Raman spectra of AC electrode in Li/AC half-cells
The structural disorder at the AC electrode resulting from any chemical changes due to the formation of SEI layer after CD cycling is probed by Raman spectra. Two separate AC/Li halfcells cycled in 0.01-2 V and in 2-4.2 V range were disassembled at a 30% state of charge (SOC) in a helium gas glove box, and the Raman spectra were recorded with AC electrode mounted in air-tight enclosure and after 72-h exposure to air, and the results are shown in Fig. 2a, b , respectively. The Raman spectrum of AC consists of G band at~1582 cm , assigned to A 1g vibration modes. The D band is associated with the asymmetry occurring at the edge of the carbon layers. Thus, a higher ratio of D vs. G band, the intensity suggests highly disordered carbon structure. According to the literature [40] , lithium ions react with carbon and progressively form starting at LiC 6 , in stage 18 , and finally, LiC 27 [40, 41] which strongly affects the shape, position, and intensity of the G band. The Raman spectra of post cycled airtight AC electrodes in both voltage ranges show no significant change compared to that of the AC electrode not subjected to any cycling as seen in Fig. 2a , b confirming that cycling in the AC/Li half-cell has not induced any reactions of the Li-ions with the activated carbon surface. Raman spectrum of the AC electrode measured after 72-h air exposure in AC/Li half-cell cycled at 0.01-2 V range shows additional peaks, in particular, a significant intensity extra peak around 1084 cm −1 as shown in Fig. 2a . This peak ascribed to the formation of Li 2 CO 3 [42] is interpreted to originate from the SEI layer formed initially at the AC electrode which subsequently undergoes a reaction in air to give rise to Li 2 CO 3 [43] Thus, it is safely concluded that AC electrode in cycling in the AC/Li half-cell in voltage range 0.01-2 V results in the formation of the SEI layer on the AC surface. On the other hand, the absence of the signature peak at 1084 cm −1 as well as other low wave number peaks in Fig. 2b strongly suggests negligible or no formation of the SEI layer when the AC electrode was subjected to charge/discharge cycles above 2 V (vs. Li/Li + ). This is consistent with the CV (Fig.  1d) results showing a supercapacitor-like response in the 2.0 to 4.0 V range contrasting with the asymmetric CV plots (Fig. 1c Impedance spectra and Bode analysis of AC/Li half-cells Figure 2c shows the impedance spectra as Nyquist plot depicting frequency variation of the real and imaginary impedances with the high-frequency response shown in the inset. High-frequency cutoff at the real axis at < 3 Ω cm 2 shows the insignificant contribution from the cell components, electrolyte, separator, etc. The mid-frequency and low-frequency region shows a broad arc which has a cutoff at~180 Ω cm 2 representing the charge transfer resistance basically originating from the resistance encountered by forwarding ion transfer processes at the electrode-electrolyte interface. This arc is fitted by two semicircles indicating a separate contribution to the charge transfer from Li + cations at AC electrodes and PF 6ā nions at Li electrode. In the very low < 1 Hz frequency region, a linearly rising 45°slope represents Warburg resistance essentially due to diffusive transport of ions. A short Warburg line in AC/Li half-cell is expected as the AC electrode has high porosity and none for the Li metal electrode. Figure 2d shows the Bode plot of real part of capacitance (C ′ ) and phase angle as a function of frequency. The near zero value of capacitance over a broader mid-frequency to high-frequency region is due to the resistive response of the half-cell. A rapid increase in C ′ below 0.1 Hz is the due capacitance of the AC/ Li half-cell consistent with the CV and CD data in Fig. 1 . This reflects on the characteristic of the electrode structure as well as on the electrode/electrolyte interphase [36] . The increase in real capacitance over the practical frequency range of 0.01 to 0.1 Hz shows that capacity observed is due to reasonable access and accumulation of both positive and negative charged ions at electrodes thus showing that AC electrode acts as a double layer capacitor with the cumulating Li + ions at the surface. Figure 2d also shows the frequency dependence of the phase angle. The phase angle of 80°at 0.01 Hz extending over a wide frequency range which suggests that the electrodeelectrolyte interface has a favorable ion charge transfer situation for a capacitive action. Impedance analysis of LFP/Li half-cell Figure 3c shows impedance spectrum of Li/LFP half-cell as a Nyquist plot. The near zero cutoffs at the real axis at highfrequency show negligible system resistance. The midfrequency and low-frequency plot fitted with two kinetic semicircles show cutoff at~300 Ω cm 2 signifying charge transfer resistance. The Bode plot that is shown in Fig. 3d has a rapid rise in the real capacitance, C ′ at < 0.1 Hz, similar to the performance of AC/Li half-cell. The phase angle peaks at 80°at~10 Hz is consistent with capacitive-like property, and the reduction > 10 Hz is a natural response of capacitor's resistive elements.
Electrochemical properties of lithium iron phosphate (LFP) electrode

Electrochemical performance for AC||LFP hybrid devices
Utilizing the electrochemical data established for the AC/Li and LFP/Li half-cells, the AC||LFP hybrid supercapacitor devices were fabricated in the two-electrode configuration by coupling of the AC anode and LFP cathode in an organic electrolyte containing LiPF 6 . The LFP as a Li-ion battery side cathode [44] showed stable Li intercalation, and long voltage plateau and the AC anode showed the capacitive action of the electric double layer via physical adsorption of ionic electrolyte species Li + and PF 6ˉc harged to voltage ≥ 2 V (vs. Li/Li + ). Maximization of specific storage energy, voltage, and capacitance values for the AC||LFP hybrid device requires balancing of the charges on both LFP and AC electrodes. The storage charge (q) basically depends on the specific capacitance C sp , mass of active electrode m ac , and the potential window ΔE and given as q = C sp × m × ΔE. Equating the charges on LFP electrode q LFP and on AC electrode q AC is basically achieved by the mass balance between the two electrodes calculated as follows:
In conventional hybrid supercapacitors, both asymmetrical electrodes have capacitive property rooted in different mechanisms wherein the mass balance of electrodes enhances the cell voltage by adding the potential windows of both electrodes [45] . For LFP as battery electrode in AC||LFP hybrid device, capacitance value could not be reliably established based on the half-cell data due to strong voltage dependence. Thus, in order to understand the mechanism of charge storage and its performance parameters in transitioning from cathodeanode charge imbalance towards charge-balanced system in the hybrid device, systematic investigation of four different AC||LFP hybrid cells representing varying AC to LFP active electrode mass ratios of 0.33, 1.20, 1.93, and 3.19 was carried out. The asymmetrical nature of anodic-cathodic peaks, anodic being of higher current magnitude, is reflective of imbalance between the rates of LFP delithiation and simultaneous Li + ion adsorption at the AC electrode which is expected as the LFP electrode mass is three times larger than that of the AC anode. Furthermore, at higher scan rates, the overpotential between the cathodic and anodic peaks progressively increases which is interpreted as the result of the more pronounced effect of the ion kinetics limitation in the system. When the AC mass ratio was increased to be mere 20% larger than that of the LFP electrode mass, the coupled anodic and cathodic peaks have become highly symmetrical in magnitude which suggests emerging near charge balance like the situation between the battery-like actions of the LFP cathode vs. the Li + ion adsorption at the AC anode. The shift in the overpotential with scan rate is still observed but is less severe in comparison indicating improved ion kinetics. Reversing the AC/LFP mass ratio to 1.93 and 3.19, the CV plots of the AC||LFP hybrid cells in the similar voltage window and scan rates in Fig. 4c, d , respectively, do not show any redox peaks; instead, the CV plots of both hybrid cells turn quasi-rectangular in shape, more analogous to that of the conventional supercapacitor devices and the AC/Li half-cell (Fig. 1d) .
Cyclic voltammetry analysis of the AC||LFP hybrid supercapacitor cells
The supercapacitor-like CV curves reveal that the effect of physical adsorption of anions at AC electrode forming the electrical double layer dominates the charge storage behavior of the latter two AC||LFP hybrid cells based on the higher AC electrode mass. Figure 5a schematically shows the mechanism of AC||LFP hybrid cell operation. During the charging process, the Li ions extracted from LFP cathode accumulate on the AC electrode surface, while the PF 6 ions of electrolyte assemble at the AC/Li + interface forming the electrical double layer. During the discharge process, the Li ions diffuse away from AC electrode surface and revert back via lithiation process to the LFP electrode. Consequently, the PF 6ˉi ons also escape from the double layer which is completely discharged. With the association of a higher surface area with higher AC electrode mass, in a hybrid cell with higher AC/LFP mass ratio, a full surface coverage of the AC electrode by the electric double layer is possible within the voltage range 2-4.5 V. Dashed line in Fig. 5a shows the corresponding voltage change when AC electrode mass is low or not sufficiently large relative to LFP in which case Li-ion battery like behavior is possible as evidenced from Fig. 4a, b . The transformation from a Li-ion battery to Li-ion capacitor-like charge storage behavior of the AC||LFP hybrid cells with increasing AC/LFP mass ratio is better evident from CV curves compared at the same scan rate. In the CV curves at 0.1 mV s −1 scan rate, the physical ion adsorption-induced feature became more pronounced with increasing AC/LFP mass ratio and almost totally overshadow the redox peaks as the ratio exceeded 2. The CV plots in Fig. 4c, d continue to retain the rectangle shape without distortion even as the scan rate increased from 0.1 to 1 mV s
, which shows high reversibility of stored charges over both electrodes. The diffusive transport of ions in the operation of hybrid cell is also evident from the increase in the cell current with the increase in the scan rates in CV plots which is attributed to the reduced synergy between the However, capacitance fading is faster as scan rate exceeded 0.8 mV s −1 for the AC||LFP hybrid cells with AC/LFP mass ratio 1.2, and a higher specific capacitance and a much gradual decline are seen for cells having ratio 1.93 and 3.19. Apparently, the ion kinetics limitation is less stringent in hybrid cells having a higher mass ratio of AC anode relative to the LFP cathode, and such hybrid cells wherein electrical double layer formation via physical ion adsorption at AC electrode increasingly dominates show better performance under higher CV scanning rates.
Galvanostatic charge/discharge analysis of AC||LFP hybrid cells Figure 6 shows the galvanostatic CD curves of the AC||LFP hybrid cells measured by applying a constant current density of 17 mAg −1 normalized to the combined mass of the active LFP and AC electrodes. It shows apparent evolution of the time-dependent CD voltage profiles from that of a Li-ion battery to Li-ion capacitor-like behavior with increasing AC/LFP mass ratio which is consistent with the inferences drawn from the CV plots (Fig. 4) . The CD profile of AC||LFP hybrid cell with lowest AC/LFP mass ratio of 0.33 exhibits a well-defined voltage plateau indicated by points b-c and e-f in Fig. 6a . This feature is highly analogous to the voltage plateau observed in LFP/Li half-cell as shown in Fig. 3a with a significant exception of a larger polarization. Figure 6b shows that as AC/LFP mass ratio increases to 1.2, the two voltage plateaus diminish and begin to show a gradual rise during the charge cycle and fall during the discharge cycle. Finally at AC/LFP mass ratio 1.33 and 3.19 as shown in Fig. 6c, d , respectively, the voltage plateau disappears and cell voltage attains a linear rise-fall profile more akin to the supercapacitor behavior. It is apparent that the charge-discharge curve in Fig. 6b of AC||LFP hybrid cells with AC/LFP mass ratio 1.20 is in transition from a dominant Li-ion battery like behavior to a supercapacitorlike charge storage wherein the middle voltage plateau b-c signifies stage of extraction of Li + ions from LiFePO 4 lattice which then accumulates over the AC electrode surface in a battery-like function. At higher AC/LFP mass ratio 1.93 and 3.19, the linear voltage rise is due to electroadsorption of PF 6ī ons at AC electrode surface forming the electric double layer. As described earlier, with the increase in the AC/LFP mass ratio and consequently coverage of a larger AC electrode surface area, the electrified double layer at AC electrode attains a significant charge storage capacity, and the hybrid cell begins to show the electric double layer and faradic pseudocapacitorlike characteristics. At AC/LFP mass ratio of 1.2, the hybrid cell shows intermediate of both redox active faradaic and electrostatic charge storage characteristics.
The CD curves of AC||LFP hybrid cells of AC/LFP mass ratio of 1.93 and 3.19 are triangular and symmetrical in shape with cell voltage rising linearly with time when charged to 2.0 V. The discharge process is reversible with Li + insertion in LiFePO 4 and retraction of the electric double layer at the AC electrode. The charge-discharge cycle shows > 95% Coulomb efficiency, and discharge cycle at a slower rate is due to diffusion limitation of the ions through the pores in the AC electrode. These characteristic features are typical of the electrical double layer or pseudocapacitor cell behavior. Overall, the evolution of the galvanostatic charge-discharge profiles in Fig. 6a-d with increasing AC/LFP mass ratio reflects the transition from a redox reaction-dominated process such as in redox battery to a system in which both faradaic redox and the physical electrostatic adsorption processes forming electric double layer are fully balanced in terms of stored charges on both electrodes. This inference is also consistent with the CV results in Fig. 4a-d . Thus, in the AC||LFP hybrid cells depending on the increase in mass ratio, one observes transition from a battery-like and electric double layer capacitor-like mechanisms for the electrical energy storage. , respectively, indicating that this cell retains reasonably high energy density while delivering~2.5 times higher specific power, thus rendering better performance during fast charge/discharge process. The AC||LFP hybrid supercapacitor cell with the AC/ LFP mass ratio of 3.19 shows a higher energy density of 41.6 Wh kg −1 but showed a consistent decrease with increasing specific power. On the other hand, the AC||LFP hybrid cell with AC/LFP mass ratio 1.20 which has CD characteristic in the transition from a Li-ion battery to supercapacitor-like functionality showed much higher energy density of1 20 Wh kg −1 but not sustainable at increased specific power.
The energy density values of AC||LFP hybrid supercapacitor cell with the AC/LFP mass ratio of [48] . This work aims at understanding the dissimilarity between the ion kinetics and capacity of the cathode and anodes through variation in their active mass, and the energy and power density performance parameters of the hybrid cells were not optimized. The main factor in low specific power herein is mostly attributed to the high internal resistance of the cell related to the AC/LFP mass ratio discussed in the next section.
Impedance analysis of the AC||LFP hybrid supercapacitor cells
The effect of internal resistance on the capacitive properties of AC||LFP hybrid supercapacitor cells is investigated using the EIS measured over the frequency range 100 kHz to 0.01 Hz using 10 mV amplitude sinusoidal ac signal with the mean dc bias of 0 V. Figure 8a shows Nyquist plot of the AC||LFP hybrid cell device with AC/LFP mass ratio 0.33. The Nyquist plot in the high-frequency and mid-frequency domain is composed of semicircle-like feature followed by a short, linear Warburg region having 45°angularity with the real axis spread over low-frequency range characterizing the frequency-dependent diffusive transport of ions in the electrolyte and the extent of active electrode surface accessible to ions. An approaching vertical increase in the imaginary impedance thereafter down to the lowest frequency 0.01 Hz, in Fig. 8a , reflects the capacitive property of the hybrid cell. Interpreting these regions of the Nyquist plot, the Z ′ axis cutoff at high frequency quantifies uncompensated bulk electrolyteelectrode resistance R S and the mid-frequency intercept of the semicircle gives interfacial charge transfer resistance R CT which originates from low electrical conductivity of electrode and lack of access of electrolyte ions over the active electrode area. The R CT value is generally small for porous electrode with large surface area and extensive ion access. The R S and R CT values for the AC||LFP hybrid cell device calculated from Nyquist plot are 31.5 and 88.5 Ω cm 2 , respectively. The cutoff of the linear extension of Warburg impedance region at the Z ′ axis yields one third of ionic resistances which for the AC||LFP hybrid cell device is determined as 111 Ω cm 2 . It is the resistance encountered by ions from distributed RC network of the pores in activated carbon and LFP electrode. The near vertical increase in the imaginary impedance Z″ denotes capacitive behavior of the hybrid cell which extends over a wide frequency domain beginning with the knee frequency 11.8 Hz at the end of the Warburg region. The resistance values inferred from the impedance spectra are large for a supercapacitor to function as an effective energy storage device and may be attributed to imbalance of charges at the LFP and AC electrodes as also inferred from the CV and CD analyses (Figs. 4 and 6) which show characteristics more akin to battery functionality. This hybrid cell shows low areal capacitance, C S , of 21 mF cm −2 calculated from imaginary impedance Z ″ at 0.01 Hz using relation C SI = (−2πfZ
. Nyquist plots of the AC||LFP hybrid cells are having AC/ LFP mass ratios 1.2, 1.93, and 3.19 that are shown in Fig. 8b . These plots and the characteristic assignments of various frequency regions of the plots are similar to the ones described for AC||LFP hybrid cell in Fig. 8a but vary significantly in the impedance magnitude and frequency spread. Expanded impedance spectra (Fig. 8c) in the high-frequency and midfrequency range is better fitted by two parallel semicircles indicating different charge propagation mechanisms at the asymmetric cathode and anode emanating from the faradaic and electric double layer processes, respectively. With increasing AC/LFP mass ratio as the charge balance between cathode and anode improves, both Faradaic and electrical double layer mechanisms begin to operate in synergy. A representative electrical equivalent model used to evaluate these Nyquist plots is shown in the inset of Fig. 8b . The semicircle fit in the high-frequency region characterizes the processes at the AC anode/electrolyte interface and is modeled as the electrical double layer capacitance C DL in parallel with the charge transfer resistance R CT, DL . The charge transfer resistance here is due to insufficient coverage of ions over the available AC electrode area across porous regions and is measured by cutoff of the semicircle diameter at the Z′ axis. The Nyquist plot in the medium-frequency region is fitted with a second partial semicircle which represents the Faradaic redox processes involved in the Li-ion extraction-insertion at the LFP electrode. This impedance behavior is modeled as film capacitor C F in parallel with a resistance R E . Further on at very low frequency, the rapidly rising impedance near vertical and parallel to Z″ axis corresponds to the pseudocapacitance C P of the hybrid supercapacitor cell and its deviation from vertical is due to the electron transfer resistance denoted earlier by R E . The elements of the electrical equivalent model were derived from fitting of the Nyquist plots for AC||LFP hybrid cells of different AC/LFP mass ratio, and the results are shown in Table 1 .
Firstly, the series resistance R S values show significant reduction from 31.3 to 2.6 Ω cm 2 as the AC/LFP mass ratio increases from 0.33 to 1.93. It is known that R S is mainly determined by the electrolyte solution resistance [49] , but in AC||LFP hybrid cells, other factors like electrode resistance which clearly relates to the amount of active material appear a dominant factor. The other element of the model is the charge transfer resistance R CT, DL which as simulation shows has lower values of 42.3 and 52.7 Ω cm 2 for AC||LFP hybrid cells having the AC/LFP mass ratio of 1.93 and 3.19, respectively, and significantly high at 226.8 Ω cm 2 for the cell with ratio 1.2. As stated earlier, the charge transfer resistance is mainly derived from the lack of access and impeded propagation of ions within the electrode's porous interiors. The lower R CT, DL value for AC||LFP hybrid cells with increased AC electrode mass implies better dispersion and freer access of Li + and PF 6ī ons across a larger surface area. The value of one-third ionic resistance likewise decreases from 44.6 to 26.6 Ω cm 2 as seen in Table 1 (Fig. 4 ) differ due to difference in the time and frequency response and bias dependence of the electrode processes [49] . The frequency dependence of the real part of capacitance (C ′ ) which is the effective capacitance component involved in the actual delivery of the stored capacitive energy based on Eq. 2 for AC||LFP hybrid cell of AC/LFP mass ratio 1.93 and 3.19 is shown in Fig. 8d . In the medium-frequency and highfrequency range, the near zero value of capacitance with zero slope is due to pure resistive response. In the very low frequency range, a rapid increase in the real capacitance C ′ as the frequency decreases below 0.4 Hz is due to the capacitive property of the AC||LFP hybrid supercapacitor cells. Compared to the AC/Li and LFP/Li half-cells (Figs. 2 and  3) , the AC||LFP hybrid cells show the transition from resistive to capacitive behavior at a higher frequency and the higher value of the real capacitance over the practical frequency range of 0.01 to 0.4 Hz. This shows that capacity observed is due to reasonable access to ionic charges at both LFP and AC electrodes in the energy storage function of the AC||LFP hybrid cells. The C ′ vs. frequency plots of the two AC||LFP hybrid cells are identical but vary in the slope and final capacitance C ′ value at 0.01 Hz indicating that the intrinsic charge storage mechanism is qualitatively similar. The real capacitance C ′ still exhibits a linear behavior with no tendency for saturation indicating that full capacitance of the hybrid cell system is still not realized. The real capacitance C ′ is of same order but lower in absolute value by a factor of nearly 2 compared to the areal capacitance C P derived from simulation of complex impedance spectra signifying the fraction of capacitive energy available to load.
Rate capacity analysis of the AC||LFP hybrid cells
Results of the discharge capacities of the AC||LFP hybrid cells at different current densities measured over 10 CD cycles are shown in Fig. 9a-d ). Columbic efficiency is 86 and 84% at C rates of 0.05 and 0.1 C, respectively, while at 0.2 C and higher C rates, capacity gradually fades to zero value. Even with the modest increase in C rates, the capacity instability in these AC||LFP hybrid cells indicates the importance of mismatch of AC/LFP active mass ratio, particularly that of the AC electrode. The AC||LFP hybrid cells with lower AC anode mass are incapable of higher power performance though these show higher specific capacity as evident from Fig. 9a , b as well as Fig. 7 . Rate performance at different C rates in Fig. 9c, d shows that much-improved capacity retention 90 and 80% is realized in AC||LFP hybrid cells having the AC/LFP mass ratio 1.93 and 3.19, respectively, with the high Columbic efficiency of~99%. The much-improved percent capacity retention is attributed to the better charge balance between the LFP battery-like cathode and AC electric double layer-like anode. Thus, physical adsorption of ions forming an electrical double layer at the AC electrode which matches the redox process-induced charges on the LFP electrode is a significant factor for realizing the higher power performance of the AC||LFP hybrid cells.
Post cycling structure modification in the AC||LFP hybrid cell electrodes Structural modification of the AC and LFP electrodes after multiple charge-discharge cycles of the AC||LFP hybrid cells at 30% SOC condition is studied using XRD and Raman scattering measurements. The XRD pattern of the LFP electrode retrieved from AC||LFP hybrid cell of AC/LFP mass ratio 1.93 subjected to 80 charge-discharge cycles in the 0-2 V range in Fig. 10a shows reflections from both LiFePO 4 and FePO 4 phases. This two-phase feature indicates that the LFP electrode undergoes Li-ion extraction/intercalation process in the operation of the hybrid supercapacitor cell as discussed earlier (Fig. 5) . The AC electrode of this AC||LFP hybrid cell was monitored using Raman spectroscopy. Raman spectra before and after the cycling test displayed in Fig. 10b show no significant change in the characteristic Raman peaks after cycling. Based on the earlier discussion related to Fig. 2 , the absence of Li 2 CO 3 or any other lithium carbonate peaks in the Raman spectrum indicating no significant reaction at the AC electrode. Further, the Raman spectra do not indicate SEI layer over AC anode surface consistent with the CD data (Fig.  2) . This provides strong evidence of the formation of an electrical double layer on AC electrode by physical adsorption and reversible adsorption of ions which is the main mechanism of charge storage at the AC electrode as discussed earlier (Fig. 5) . Moreover, the avoidance of SEI layer also protects the integrity of the electrical double layer over AC anode without the encumbrance of an electrically resistive interface, leading to the stable cycling performance and high power density of the AC||LFP hybrid cell.
Conclusions
In this work, electrochemical properties of AC||LFP hybrid cells with a different AC/LFP mass ratio were investigated for understanding the role of dissimilarity between the ion kinetics and capacity of the LFP cathode and AC anode in energy storage performance. AC/Li half-cell results show the AC electrode functions as a supercapacitor-side electrode rooted in the electrical double layer capacitive mechanism. The charge imbalance between the cathode and anode mitigated by optimization of active electrode material mass. The CD and CV data showed the transformation from a Li-ion battery to Li-ion capacitor-like charge storage behavior of the AC||LFP hybrid cells with increasing AC/LFP mass ratio. For AC/LFP mass ratio < 1.2 the AC||LFP hybrid cells show battery-like CD and CV characteristics dominated by LFP electrode via redox process similar to a Li-ion battery and for ≥ 1.93 supercapacitor-like, dominated by the AC electrode via electric double layer formation signifying the Li-ion supercapacitor. The AC||LFP hybrid cell exhibited specific energy of 35 Wh kg −1 and power density of 1.69 kW kg . Impedance spectra analysis of AC||LFP hybrid cells showed that the low specific energy power is due to the high internal resistance of the cell related to the AC/LFP mass ratio. This study showed that active electrode mass ratio has an important role in balancing the electrode charge capacity and kinetics and can be an AC||LFP hybrid cell design component with promising energy-power-cycling stability combination. 
